Objective-The response-to-tissue-injury theory is currently the favorite paradigm to investigate valve pathology. To the best of our knowledge, there are currently no in vivo valve injury models. There are few calcific aortic valve stenosis (AVS) models that develop hemodynamically significant stenosis. Here, we investigated the effect of direct mechanical injury on aortic valves in vivo and developed a novel mouse model of calcific AVS. Approach and Results-Aortic valve injury was created by inserting and moving a spring guidewire under echocardiographic guidance into the left ventricle of male C57/BL6 mice via right common carotid artery. Serial echocardiographic measurements revealed that aortic velocity was increased 1 week after injury and persistently increased until 16 weeks after injury. AVS mice showed a higher heart weight/body weight ratio and decreased left ventricular fractioning shortening 4 weeks after injury, compared with sham mice. We found remarkable proliferation of valve leaflets 4 weeks after injury. Proliferative valves showed increased production of reactive oxygen species and expression of inflammatory cytokines and osteochondrogenic factors. Alizarin red staining showed valvular calcification 12 weeks after injury. 
A ortic valve stenosis (AVS) has become a common disease in the elderly with a prevalence of 2% to 4% in population aged >65 years in advanced countries. 1, 2 It is a progressive disease characterized by a long asymptomatic phase; however, once symptoms appear, the prognosis is poor. 3, 4 Although the standard treatment for AVS is aortic valve replacement, it is not practical for all patients to undergo this surgery because of the risk of complications. Thus, the development of effective alternative therapies is required for patients with AVS. Although risk factors for AVS are similar to those for atherosclerosis, 5, 6 Inhibitors of angiotensin-converting enzyme and HMG-CoA reductase show poor efficacy in AVS progression. [7] [8] [9] [10] It has been suggested that different factors from atherosclerosis are associated with the progression of AVS. Some patients with AVS do not have atherosclerotic risk factors, and ≈50% of patients with AVS do not have clinically significant atherosclerosis. 11, 12 Mechanical injury caused by hemodynamic stress during the constant opening and closing of cusps is considered an important risk factor for AVS. 13, 14 The bicuspid valve, which contributes to a high mechanical stress, reportedly leads to a rapid progression of AVS in younger patients with low atherosclerotic risk. 15 Moreover, the noncoronary leaflet is more likely to be affected as compared with other leaflets because of higher mechanical stress as a consequence of the absence of diastolic coronary flow. 6, 16 Many experimental models of AVS, for example, the hypercholesterolemic mouse model, have contributed to our knowledge of the mechanism of AVS. However, it commonly takes ≥20 weeks for these models to develop AVS, and not all animals develop hemodynamically significant stenosis with heart failure. 17, 18 The response-to-tissue-injury theory is one of the favorite paradigms to study valve pathology, similar to ones seen in numerous tissue and organs. Several in vitro and organ culture experiments have revealed the cellular and molecular biology of heart valve wound repair 13, 14, 19 ; however, these models lack physiological blood flow, hemodynamic forces, and blood constituents. Therefore, we developed a novel in vivo mouse model of AVS induced by moving a spring guidewire via right common carotid artery under echocardiographic guidance ( Figure 1 ).
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Aortic Valve Injury
The surgical procedure time, including anesthesia, needed for aortic valve injury was 21.0±5.1 minutes. Seven of 132 mice died during the operation due to sudden cardiac arrest (5 mice) and bleeding (2 mice). In the sham group, 1 of 63 mice died as a result of bleeding. After aortic valve injury, 25 of 125 mice died during the next 16 weeks. Survival curves showed that 18.7% of mice with aortic valve injury died <4 weeks, whereas none in the sham-operated mice died ( Figure 2A ). The causes of death after aortic valve injury were congestive heart failure with pleural effusion at autopsy (5) and unknown causes (20) , most likely attributable to cardiac arrhythmia or heart failure without obvious effusion.
Valve and Ventricular Function
Immediately after injury, aortic regurgitation was not observed on 2-dimensional color Doppler and pulse-wave Doppler imaging, and aortic velocity did not increase. Mice with aortic valve injury had significantly higher aortic velocity and smaller aortic valve area compared with sham-operated mice 1 week after surgery. The elevated velocity persisted for 16 weeks without improvement. Left ventricular outflow tract velocity was not significantly increased at all time points. Left ventricular fractional shortening was significantly decreased 4 weeks after surgery, and left ventricular end-diastolic diameter was increased 8 weeks after injury (see Table) . Heart weight/body weight ratio gradually increased ( Figure 2C ). Additionally, real-time PCR revealed that the expression of brain natriuretic peptide in the left ventricle was upregulated in mice with aortic valve injury compared with sham-operated mice 4 weeks after surgery ( Figure 2D ).
Histological Changes in the Aortic Valve
Thrombus formation on both sides of the valve and destruction of collagen and elastin alignment in the leaflets of injured valves were observed immediately after aortic valve injury on microscopic examinations ( Figure 3A and 3B) . Injured collagen and elastin layers were significantly thickened compared with sham-operated mice ( Figure 3C and 3D) . Sham-operated aortic valves showed no thrombus and no destruction of collagen and elastin alignment. Stereoscopic microscopy showed obvious thickening of the injured leaflets 4 weeks after surgery ( Figure 3E and 3F). The average thickness of the injured trileaflet was significantly greater than that of the sham (168.6±26 versus 59.6±17.5 μm; P<0.01; Figure 3G ). There was no obvious damage and obstruction in the ascending aorta and left ventricular outflow tract on histological and echocardiographic study ( Figure I in the online-only Data Supplement). Microscopic examination revealed that most of injured valves showed osteochondrogenic changes, including precartilaginous-like aggregation and cartilagelike structure with mucus production, basophilic stained matrix, and small cavities, which were characterized in cartilage on the aortic side of the valve, 4 weeks after surgery ( Figure 3F ). Immunofluorescence revealed the expression of type 2 collagen in the injured valve, consistent with the chondrogenic-like changes on HE stain ( Figure 3H and 3I). These 
Fibro-Proliferative Change and Prolonged Inflammation in the Valve
As shown in Figure Figure 4D and 4E). SMA expression and Mac3-positive macrophage accumulation were observed in the whole of injured valve, which was consistent with fibrogenic changes caused by inflammation induced by wire injury. The mRNA expression of tumor necrosis factor-α, interleukin-1β, and interleukin-6 were remarkably increased in injured valves compared with sham mice 1 week after surgery and remained significantly elevated 4 weeks after injury ( Figure 4F-4H ). Transforming growth factor-β1 was also upregulated until ≥4 weeks after injury ( Figure 4I ).
Oxidative Stress in Injured Valves
To evaluate the production of reactive oxygen species, we performed dihydroethidium staining 4 weeks after aortic valve injury. Superoxide production was detected in injured valves but not in sham-operated valves ( Figure 5A ). Immunofluorescence revealed that the expression of p-22phox, which is functionally important for NADPH oxidase activation, was significantly increased in injured valves compared with sham-operated values ( Figure 5B ).
Osteochondrogenic Signaling in the Injured Valve
We performed immunofluorescence to investigate osteochondrogenic signals for all time points after valve injury. Bone morphogenetic protein-2 (BMP-2), an important growth factor for osteochondrogenic response, was strongly expressed and gradually increased over all the injured valves ( Figure 6A ).
The expression of chondrocyte-specific transcription factor Sry-related HMG box 9 (Sox9) and of osteochondrogenic transcription factor runt-related transcription factor 2 (Runx2) was widely increased in proliferative valves compared with sham-operated valves, especially consistent with histological osteochondrogenic changes observed under microscopy ( Figure 6B and 6C) . Moreover, osteocalcin (specifically secreted by osteoblasts) was detected and gradually increased in the injured valves ( Figure 6D ). We observed colocalization of BMP-2, Sox9, and Runx2 with histological osteochondrogenic changes. Especially, Sox9 expression was remarkably consistent with cartilage-like structure. Osteocalcin secreted by osteoblasts, a marker of osteogenesis, colocalized with 
Discussion
Mechanical injury is considered one of the most important risk factors for AVS because of the characteristic structure and function of the aortic valve. 13, 14, 16 We have demonstrated aortic valve response to direct mechanical injury in vivo and developed a novel calcific AVS mouse model with hemodynamically significant stenosis with heart failure. Injured valves showed myofibroblast proliferation, production of cytokines and growth factors, as well as evoked inflammation, neovascularization, and calcification, all consistent with the typical features of clinical AVS. To the best of our knowledge, this is the first report of an in vivo heart valve wound repair model for AVS. Panizzi et al 20 reported an in vivo mouse aortic valve injury model for aortic valve endocarditis, which was caused by blindly inserting suture material via the right carotid artery into the heart. Although their methodology is similar to our AVS model, their model could not have possibly developed AVS because aortic valve damage caused by a suture material would be smaller than that caused by a guidewire. Wire injury, if insufficient, did not cause AVS in our preliminary experiments.
The murine aortic valve was selectively injured with wire under echocardiographic guidance, with no injury to any other part of the heart, in ≈20 minutes. Although ≈20% of the mice with valve injury died <4 weeks, the survival rate of AVS mice was higher compared with transverse aortic constriction and myocardial infarction models. 21, 22 Hypercholesterolemic mice and other models have been used to clarify the calcification mechanism of AVS; however, these mice do not always develop hemodynamically significant stenosis with respect to long feeding period. 18 However, almost all the mice with aortic valve injury showed rapid valve proliferation and ventricular hypertrophy with increased aortic velocity. Calcium deposition with coarse osteocartilaginous structure was also upregulated at relatively early stages compared with other models. 17, 18 The injured aortic valves showed histological changes that were more chondrocytic than osteoblastic in the early phases, followed by more mature osteochondrogenic changes with calcium deposition in the late phase. Our results also showed that the expression of BMP-2, Runx2, and osteocalcin gradually increased for 16 weeks, and the peak expression of Sox9 was at 12 weeks. The proceeding osteochondrogenic changes were mainly observed in the aortic side of the valve, consistent with the pathology of human AVS. 23 The results suggest that these developing processes of calcific valves seemed to be associated with endochondral ossification. Because it has been reported that surgically excised human aortic valves showed simultaneous chondrification and ossification, 24 endochondral ossification may be important or essential for the development of valve calcification caused by mechanical injury.
Our study showed that aortic valve wire injury induced severe AVS in healthy C57/BL6 mice fed normal chow, suggesting mechanical injury to the aortic valve and supporting the response-to-tissue-injury theory. Inflammatory cytokines, [25] [26] [27] reactive oxygen species, 28 growth factors, and osteogenic factors 29, 30 have been observed in human diseased valves and are considered to play important roles in the development of AVS. Our results show that inflammatory cytokines (tumor necrosis factor-α, interleukin-1β, and interleukin-6) and transforming growth factor-β1 were upregulated 1 week after injury, and this was sustained until ≥4 weeks. Additionally, reactive oxygen species and osteogenic factors increased 4 weeks after injury. Increased macrophage and vascular cell adhesion molecule-1-positive cells for 16 weeks suggested sustained inflammation and endothelial damage. 31 Sustained inflammation, increased growth factors and endothelial damage induced by hemodynamic stress, and turbulent flow through remodeled valves may contribute to the progression of AVS, including calcification. The results show that osteochondrogenic factors gradually increased, and histological osteochondrogenic changes with calcification were clearly detected. However, further studies are needed to elucidate the mechanism by which abnormal wound repair to injured valves occurs. There are 2 limitations to the study that need a mention here. First, we could not perform Western blot analysis for quantitative protein measurement because tissue samples from murine aortic valves were limited. Second, we could not get direct hemodynamic data by cardiac catheterization; however, we were able to successfully measure elevated aortic velocities, which were consistent with histological findings using echocardiography. The process of injuring the aortic valve under echocardiography is not difficult if the parasternal long-axis view on echocardiography can be held while moving the wire to prevent losing sight of the wire and injuring other parts of the heart.
We demonstrated that direct wire injury to the murine aortic valve induced severe AVS in vivo. We suggest that our calcific AVS model has pathological features similar to human AVS. This mouse model may be valuable for analyzing the mechanism of AVS and developing therapeutic strategies. 
